The purple saxifrages, Saxifraga section Porphyrion subsection Oppositifoliae, comprise the closest relatives of the arctic-alpine model plant S. oppositifolia and have a centre of diversity in the central and southern European mountain ranges. Many taxa have been described and taxonomic concepts vary among different treatments. Using amplified fragment length polymorphism (AFLP) fingerprinting, we show that some taxa form strongly supported genetic entities best recognized at the species level (S. biflora, S. blepharophylla, S. retusa, S. rudolphiana and S. speciosa), whereas others (S. murithiana and S. paradoxa) are not genetically divergent at all. Saxifraga oppositifolia s.s. is phylogenetically incoherent. Plastid DNA sequence data show limited congruence with the predominantly nuclear-derived AFLPs. Several co-distributed taxa (S. biflora, S. blepharophylla, S. oppositifolia s.s. and S. retusa) share the same set of haplotypes. In the widespread S. oppositifolia and S. retusa, highly divergent haplotype lineages were discovered which exhibit a geographical rather than taxonomic structure. Recent and ancient hybridization and/or lineage sorting are probably responsible for the strong incongruence between data derived from nuclear and plastid genomes. Hybridization, which is known to occur among almost all taxa of this group when growing in sympatry, however, seems to be insufficient to break down species barriers.
INTRODUCTION
Saxifraga oppositifolia L. (Saxifragaceae) has become a model system for the evolution and spatiotemporal diversification of arctic-alpine plants (Holderegger & Abbott, 2003) . Focusing on the circumpolar range, a clear separation of two clades with amphi-Atlantic and amphi-Beringian distribution was manifested on the basis of restriction fragment length polymorphisms (RFLPs; Abbott et al., 2000; Abbott & Comes, 2004) and plastid DNA sequences (Holderegger & Abbott, 2003) . These two groups were confirmed by an extended sample of plastid DNA sequences and by amplified fragment length polymorphisms (AFLPs; Winkler et al., 2012) . However, the inclusion of southern and south-eastern European and central Asian populations showed that the amphi-Beringian clade probably originated in central Asia, but extends westwards as far as the Apennines and Carpathians, where it meets the amphi-Atlantic clade. This pattern, with a possible origin of the amphi-Atlantic clade in the Alps (Winkler et al., 2012) , emphasizes the important role of central and southern European mountain ranges (i.e. the Pyrenees, Apennines, Alps, Carpathians and mountains of the Balkan Peninsula) in the evolution of S. oppositifolia in particular and of arctic-alpine species in general (Schönswetter et al., 2003; Ronikier, 2011; Ronikier, Schneeweiss & Schönswetter, 2012) .
Our good understanding of the phylogeographical history of S. oppositifolia contrasts with our limited knowledge of the precise circumscription of this species concerning both the delimitation of intraspecific taxa and the phylogenetic relationships to other purple saxifrages. Although this species group, traditionally classified as section Porphyrion subsection Oppositifoliae (Hayek, 1905; Engler & Irmscher, 1916 -1919 , is morphologically well defined by pink, purple or, rarely, white petals and opposite leaf arrangement (Webb & Gornall, 1989 ; Table 1), the taxonomy of S. oppositifolia s.l. is convoluted and poorly resolved. Apart from the widespread S. oppositifolia ssp. oppositifolia, morphologically only weakly differentiated and/or poorly known entities of uncertain taxonomic value have been described Table 1 . European taxa of Saxifraga section Porphyrion subsection Oppositifoliae included in the present study. Previous taxonomy and distribution mostly follow Webb & Gornall (1989) and Webb (1993) ; exceptions are stated in the 'Study species' section. Habitat requirements and distribution follow Grabherr & Mucina (1993) , Hayek (1905) , Schönswetter et al. (2000) , Webb & Gornall (1989) 1916 -1919 Hörandl & Gutermann, 1994) . The only available molecular phylogenetic study of S. oppositifolia and related taxa is based on nuclear ribosomal internal transcribed spacer (ITS) and plastid DNA sequences (Holderegger & Abbott, 2003) . Whereas ITS sequences failed to establish welldefined entities because of insufficient resolution, plastid DNA data revealed a geographical rather than a taxonomic structure, which was interpreted as the result of incomplete lineage sorting. Because of limited sampling outside S. oppositifolia ssp. oppositifolia (only one sample each of S. oppositifolia ssp. smalliana, ssp. blepharophylla and S. biflora was included), Holderegger & Abbott (2003) were not able to draw any taxonomic conclusions, rendering our understanding of the phylogenetic relationships in this taxonomically intricate group marginal.
Here, we have investigated the phylogenetic relationships of S. oppositifolia and relatives, focusing on the centre of taxonomic diversity in the Alps and other central and southern European mountain ranges. To this end, we obtained data from predominantly nuclear-derived (Bussell, Waycott & Chappill, 2005) and highly resolving AFLP markers and from maternally inherited (in Saxifragaceae: Soltis, Soltis & Ness, 1990) plastid DNA sequences using a comprehensive sampling of nearly all currently recognized central and southern European representatives of Saxifraga section Porphyrion subsection Oppositifoliae. In order to embed our results in a geographically wider context, we complemented the newly generated data with previously published data of S. oppositifolia s.l. covering the Arctic, Scandinavia, the Urals and central Asia (Winkler et al., 2012) . We tested: (1) whether it is possible to corroborate genetically the distinctness of geographically restricted subspecies of S. oppositifolia (eastern Alpine S. oppositifolia ssp. blepharophylla, eastern Alpine and probably Carpathian S. oppositifolia ssp. rudolphiana, Pyrenean S. oppositifolia ssp. paradoxa, Apennine S. oppositifolia ssp. speciosa) and S. retusa (south-western Alpine S. retusa ssp. augustana) from the more widespread nominate taxa S. oppositifolia ssp. oppositifolia and S. retusa ssp. retusa, as suggested by morphology; (2) whether gene flow between Alpine taxa, as evidenced by the presence of hybrids, especially between S. oppositifolia ssp. oppositifolia and S. biflora (Hörandl & Gutermann, 1994; Gugerli, 1997) , is sufficiently frequent to blur species boundaries; and (3) whether there is evidence for geographical sorting of plastid lineages, as seen in S. oppositifolia ssp. oppositifolia (Holderegger & Abbott, 2003) , in other taxa, especially S. retusa ssp. retusa, the distribution of which spans the deep genetic split of S. oppositifolia between the Alps and the Carpathians (Winkler et al., 2012) . Based on our results, we suggest an improved taxonomic concept for the European taxa of Saxifraga section Porphyrion subsection Oppositifoliae.
MATERIAL AND METHODS

STUDY SPECIES
We follow the taxonomic concept of Webb & Gornall (1989) (Authier, 1997) . From S. oppositifolia ssp. rudolphiana, we only included accessions from the Alps; reports from the Romanian Carpathians (e.g. Webb, 1993; Ciocârlan, 2000) , which are documented by a correctly determined herbarium specimen stored in WU (Bucegi, Transilvania, Herb. Baumg.; missing data on label: collector, date of collection), are probably incorrect (possibly a mix-up of herbarium labels; E. Hörandl, University of Göttingen, Germany, pers. comm.). They could not be confirmed during independent field trips by E. Hörandl, P. Schönswetter and M. Puşcaş (Babeş-Bolyai University, Cluj, Romania) or by checking the herbaria BUCA, BVS, CL, CRAI, IAGB, IASI, SIB, W and WU, which contained no specimens determined as S. (oppositifolia ssp.) rudolphiana from the Carpathians or only incorrectly determined specimens. The presence of S. oppositifolia ssp. rudolphiana in the Carpathians was already doubted by Hayek (1905) .
Hybridization, which is known to involve almost all Alpine taxa of the purple saxifrages (Hayek, 1905) , is particularly frequent between S. biflora and S. oppositifolia ssp. oppositifolia (Hörandl & Gutermann, 1994; Gugerli, 2000) . The resulting morphological intermediates (S. × kochii Hornung), which have often been interpreted as separate subspecies of S. biflora [S. biflora ssp. macropetala (Kern. ex Engl.) Rouy & Camus] , are cross-compatible with the parental taxa (Hörandl & Gutermann, 1994; Gugerli, 2000) and can occur, despite reduced seed set, as (half-) orphans in self-sustaining populations (Gugerli, 1997) . In the present study, we did not include morphologically identifiable hybrid accessions.
PLANT MATERIAL, DNA ISOLATION, PLASTID DNA SEQUENCING AND AFLP FINGERPRINTING Leaf material of one to three individuals per sampling site was collected and immediately stored in silica gel (Table A1 , including voucher numbers). Total genomic DNA was extracted from 10 mg of dried tissue with the DNeasy 96 plant mini kit (Qiagen, Hilden, Germany) following the manufacturer's protocol. The psbA-trnH intergenic spacer of plastid DNA was amplified and sequenced as described in Holderegger & Abbott (2003) . The plastid trnT UGU-trnLUAA-trnFGAA intergenic spacers including the trnLUAA intron (hereafter referred to as trnT-F) were amplified, purified and sequenced as described in Winkler et al. (2012) .
AFLPs have been widely used in phylogenetic reconstruction in recent years, particularly in groups of closely related organisms (reviewed in Meudt & Clarke, 2007) , where the phylogenetic accuracy of AFLPs is only marginally compromised by a lack of band homology (García-Pereira, Caballero & Quesada, 2010) . AFLP data were generated following the procedure of Vos et al. (1995) with the modifications described by Schönswetter et al. (2009) . To test the reproducibility of AFLP fragments and to allow for an estimation of the error rate, 13 samples were replicated starting from the restriction/ligation step.
As in our previous study on S. oppositifolia s.s. (Winkler et al., 2012) , the three primer combinations for selective polymerase chain reaction (PCR) (fluorescent dyes in parentheses) were EcoRI (6-FAM)-ACA/MseI-CAC, EcoRI (VIC)-AGG/MseI-CTC, EcoRI (NED)-ACC/MseI-CAG. The selective PCR products were purified and subjected to electrophoresis as described in Schönswetter et al. (2009) .
DATA ANALYSES
For plastid DNA data, a statistical parsimony network was constructed from the concatenated sequence data using TCS 1.21 (Clement, Posada & Crandall, 2000) , treating sequence gaps as fifth character states after reducing insertions/deletions (indels) longer than 1 bp to single base pair indels, excluding polymorphic mononucleotide repeats and setting the connection limit to 95%. Maximum parsimony (MP) analyses and MP bootstrap analyses were performed using PAUP 4.0b10 (Swofford, 2002) . The most-parsimonious trees were searched heuristically with 1000 replicates of random sequence addition, tree bisection-reconnection (TBR) branch swapping and MulTrees on. The swapping was performed on a maximum of 1000 trees (nchuck = 1000). All characters were equally weighted and unordered. The dataset was bootstrapped using 2000 replicates, TBR branch swapping, MulTrees off and random sequence addition with five replicates.
AFLP data were aligned with GeneScan 500 ROX internal size standard (Applied Biosystems, Foster City, CA, USA) and manually scored using DAx (Van Mierlo Software Consultancy, Eindhoven, the Netherlands) as described in Bendiksby et al. (2011) . The AFLP error rate was calculated as the number of mismatches (i.e. 0/1 or 1/0) divided by the number of matches (i.e. 0/0 and 1/1) in each pair of replicates (Bonin et al., 2004) . Fragments with mismatches in more than one replicate pair were omitted from analysis. Using SPLITSTREE 4.8 (Huson & Bryant, 2006) , a NeighborNet diagram was produced from Nei-Li distances (Nei & Li, 1979) . Node support was estimated in a neighbor-joining analysis based on Nei-Li distances and 1000 bootstrap pseudo-replicates.
RESULTS
PLASTID DNA
Sequences of the psbA-trnH intergenic spacer were 197-228 bp in length, and those of the trnT-F region were 1209-1619 bp in length. The combined alignment was 1886 bp in length (228 bp from the psbAtrnH intergenic spacer and 1658 bp from the trnT-F region) and comprised 53 variable characters, 48 of PURPLE SAXIFRAGES IN EUROPE 625 which were parsimony informative; 34 were nucleotide substitutions and 19 were indels (2.81% variability). The exclusion of nine polymorphic mononucleotide repeats gave a total of 32 haplotypes in 140 individuals analysed. The original alignment is available on DRYAD (http://doi.org/10.5061/dryad .8d820). GenBank accession numbers are provided in Table A1 .
In the statistical parsimony network ( Fig. 1A ; tree length, 72; consistency index, 0.972; retention index, 0.998), haplotype h32, found in all accessions of both subspecies of S. retusa from the western Alps south of the Aosta valley, could not be connected with the other haplotypes at a connection limit of 95%. All other haplotypes fell into two main lineages, previously termed Europe-centred Clade (EC-Clade) and Asiacentred Clade (AC-Clade; Winkler et al., 2012) . Both the EC-Clade and AC-Clade received high support in the MP analysis [bootstrap support (BS) ≥ 98]. The EC-Clade was distributed in the northern Iberian Peninsula, the Alps, the western Carpathians, the Atlantic Arctic and eastern Canada, and its haplotypes were found in S. biflora, S. oppositifolia ssp. blepharophylla, S. oppositifolia ssp. oppositifolia from the Cordillera Cantabrica, the Alps, the western Carpathians, the Atlantic Arctic and eastern Canada, S. oppositifolia ssp. paradoxa and two populations of S. retusa ssp. retusa from the western Alps. The AC-Clade occurred in the Apennines, the eastern and southern Carpathians, mountains of the Balkan Peninsula, central and northern Asia and Beringia, and its haplotypes were found in S. oppositifolia ssp. rudolphiana, S. oppositifolia ssp. speciosa and S. oppositifolia ssp. oppositifolia from the Carpathians, the Balkan Peninsula, central and northern Asia, Beringia and northern Greenland, and in S. retusa ssp. retusa from the eastern Alps and the Carpathians.
AFLP
The error rate was 1.6%, and 18 non-reproducible fragments were removed from the dataset. A total of 575 reproducible AFLP bands was scored for 140 individuals. Eight bands found in all or all but one individual were excluded (no bands occurring in a single individual only were found); thus, further analyses were based on 567 variable AFLP bands.
The NeighborNet diagram with BS derived from neighbor-joining analysis resolved several strongly supported entities (Fig. 2) . These included S. biflora, S. oppositifolia ssp. blepharophylla, S. oppositifolia ssp. rudolphiana and S. oppositifolia ssp. speciosa, each strongly supported with 100% BS. Saxifraga retusa s.l. was similarly divergent (97% BS) and fell into two main groups. One was highly supported (97% BS) and comprised populations of ssp. retusa from the eastern Alps and the Carpathians. The second, unsupported group consisted of accessions of both ssp. augustana and ssp. retusa from the western Alps. Saxifraga oppositifolia ssp. oppositifolia fell into several, mostly unsupported regional groups. The first group comprised accessions from the Alps and the northern Iberian Peninsula (including ssp. paradoxa) and northern accessions from Newfoundland and north-western Greenland to the northern Urals and the Taymyr Peninsula. The second group comprised samples from the Balkans and the Carpathians (74% BS). The third group included samples from central and northern Asia (< 50% BS).
DISCUSSION
The purple saxifrages (Saxifraga section Porphyrion subsection Oppositifoliae), containing the arcticalpine model species S. oppositifolia (Abbott & Comes, 2004) , have their centre of diversity in southern and central Europe. Distinction between and relationships among taxa have been controversial, with taxonomic concepts varying strongly across different treatments (e.g. Pignatti, 1982; Aeschimann et al., 2004; Fischer, Oswald & Adler, 2008) . Consistent morphological differentiation among the widespread S. oppositifolia ssp. oppositifolia and the central European endemics S. oppositifolia ssp. blepharophylla, S. oppositifolia ssp. rudolphiana and S. biflora (Hörandl & Gutermann, 1994) contrasts with frequent hybridization (Gugerli, 1997) and the lack of genetic differentiation revealed by ITS and plastid DNA sequence data (Holderegger & Abbott, 2003) . Conventionally used sequence markers may, however, be insufficiently variable to resolve phylogenetic relationships among closely related plant species, which can be alleviated by the use of highly polymorphic AFLPs (Després et al., 2003) , an approach we follow here.
Our AFLP data corroborate the distinctness of several morphologically and ecologically differentiated entities within S. oppositifolia corresponding to S. oppositifolia ssp. blepharophylla, S. oppositifolia ssp. rudolphiana and S. oppositifolia ssp. speciosa (Fig. 2) . In contrast, other accessions of S. oppositifolia fall into several mostly unsupported, but geographically structured, gene pools: (1) 
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(probably including S. asiatica, see below). Although AFLP data confirm the distinctness of the taxonomically widely acknowledged species S. biflora and S. retusa, they fail to support the separation of S. retusa ssp. retusa from S. retusa ssp. augustana, because accessions of S. retusa ssp. retusa from the western Alps group phylogenetically with the geographically close but morphologically distinct S. retusa ssp. augustana rather than with S. retusa ssp. retusa from the eastern Alps and the Carpathians (Fig. 2) .
Although based on a relatively limited number of characters, plastid DNA sequences revealed a markedly different diversification pattern than AFLPs, in that main haplotype groups were structured geographically rather than taxonomically. This is the case for S. oppositifolia s.l., in which two strongly divergent plastid DNA clades, the North Atlantic and European EC-Clade (containing S. oppositifolia ssp. oppositifolia including S. murithiana; S. oppositifolia ssp. paradoxa; S. oppositifolia ssp. blepharophylla) and the south-eastern European to Asian and North American AC-Clade (containing S. oppositifolia ssp. oppositifolia, including S. oppositifolia ssp. meridionalis; S. oppositifolia ssp. rudolphiana; S. oppositifolia ssp. speciosa; Fig. 1 ) have been recognized previously (Winkler et al., 2012) , albeit based on a less comprehensive taxonomic sampling. The discrepancy between genetically defined lineages and taxonomically delimited groups is even more pronounced in S. retusa s.l., the morphologically most distinct taxon of subsection Oppositifoliae (Hayek, 1905) . This species harboured haplotypes from all three main plastid clades. (1) A haplotype (h32) that falls clearly outside the hitherto known plastid variation in S. oppositifolia (Winkler et al., 2012) and remains unconnected in the parsimony network (Fig. 1A) Fig. 1C, D) . Consequently, the deep genetic break between Alpine and Carpathian haplotypes seen in S. oppositifolia ssp. oppositifolia (Winkler et al., 2012) (Schneeweiss & Schönswetter, 1999) . Finally, haplotypes found in S. biflora belonged to the EC-Clade and, with the exception of a single haplotype (h6), were all shared with S. oppositifolia ssp. oppositifolia (h1, h9, h10, h12; Fig. 1C, D) . With respect to the geographical distributions of the two clades identified previously in S. oppositifolia (Winkler et al., 2012) , the inclusion of close relatives of S. oppositifolia leaves the overall distribution of the EC-Clade unaffected, but extends that of the AC-Clade into the eastern Alps.
One factor probably contributing to the high level of incongruence between nuclear and plastid data is hybridization. For instance, hybrids between S. oppositifolia ssp. oppositifolia and S. biflora (S. × kochii) are widespread in the Alps and occasionally even occur as (half-)orphans (Hörandl & Gutermann, 1994) , contributing to the former recognition of some hybrid forms as a distinct taxon (S. biflora ssp. macropetala). At the western edge of the distribution of S. oppositifolia ssp. blepharophylla Table A1 ) and patterns of plastid DNA (psbA-trnH, trnT-F) variation in European purple saxifrages (Saxifraga section Porphyrion subsection Oppositifoliae). A, Statistical parsimony network of plastid DNA haplotypes. Haplotype h32 sampled in all populations of S. retusa s.l. in the western Alps south of the Aosta valley could not be joined with the remaining haplotypes h1-h31 at a connection limit of 95%. Small black dots represent unsampled haplotypes. Grey dots represent haplotypes sampled in a circumpolar study of S. oppositifolia s.s. (Winkler et al., 2012) for which no amplified fragment length polymorphism (AFLP) data were available. The tree is a simplified, unrooted and bootstrapped (2000 replicates) maximum-parsimony analysis depicting the relationships among the three main haplotype groups. B-D, Distribution of sampling sites and plastid haplotypes in the Northern Hemisphere (B), southern and central Europe (C) and European Alps (D). Colour coding of haplotypes sampled at least three times corresponds to (A). Haplotypes that were sampled only once or twice are given with white filling and an indication of the respective haplotypes. The distributions of ice cover (white) and tundra (dark grey) at the last glacial maximum (for the Kara ice sheet, the maximum glacial extent is given) in (B) are modified from Frenzel (1968 ), Frenzel, Pécsi & Velichko (1992 and Ehlers, Gibbard & Hughes (2011) . Margins of exposed continental shelves at the last glacial maximum are indicated by broken lines.
in the Ankogelgruppe of the Austrian Hohe Tauern, morphological separation of S. oppositifolia ssp. blepharophylla from S. oppositifolia ssp. oppositifolia is impossible over c. 3 km along the main watershed of the Alps because of the predominance of morphological intermediates (P. Schönswetter & A. Tribsch, pers. observ.) . Consequently, hybridization might be responsible for haplotype sharing among these taxa. In contrast, despite forming occasional hybrids with S. oppositifolia ssp. oppositifolia (e.g. Hayek, 1905) , S. oppositifolia ssp. rudolphiana shows no signs of at least maternal introgression as it harbours an exclusive haplotype (Fig. 1) . Recent hybridization can be excluded as a mechanism explaining haplotype sharing between S. oppositifolia ssp. oppositifolia and S. retusa ssp. retusa, as these species are not known to hybridize (e.g. Hayek, 1905; P. Schönswetter & A. Tribsch, pers. observ.) . Ancient hybridization between these taxa might, however, have given rise to S. oppositifolia ssp. rudolphiana, which resembles compact forms of S. oppositifolia ssp. oppositifolia morphologically, but possesses an exclusive haplotype (Table 1) are given for each individual at the tips of the splits with colours, symbols and numbers as given in Figure 1 .
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(h31) derived by a single mutational step from the haplotype (h30) found exclusively in eastern Alpine S. retusa ssp. retusa (Fig. 1) . Ancient plastid capture may also be responsible for the presence of a highly divergent haplotype (h32) in both subspecies of S. retusa in the south-western Alps, but this hypothesis needs to be tested in future genus-wide phylogenetic studies.
Despite extensive hybridization and occasional sympatric occurrence in adjacent habitats (A. Tribsch & P. Schönswetter, pers. observ.), the integrity of taxa with respect to nuclear genetic data has not been eroded (Fig. 2) . This may be a result of phases of allopatric differentiation in isolated Pleistocene refugia (Schönswetter & Tribsch, 2005) and/or ecological divergence through adaptation to different habitats in terms of elevational range, scree mobility, length of snow cover and bedrock (Grabherr & Mucina, 1993; Hörandl & Gutermann, 1994; Schönswetter, Schneeweiss & Englisch, 2000; Fischer et al., 2008;  Table 1 ). The impact of Pleistocene range shifts on the genetic structure is evident from genetic patterns in S. retusa ssp. retusa. A close relationship of populations from the Carpathians and the eastern Alps was suggested by strongly weighted splits in the NeighborNet analysis of the AFLP data and the correspondingly high BS (Fig. 2) . Accordingly, we presume that S. retusa ssp. retusa was once more widespread throughout the Alps and survived the most extensive glaciations only in the south-westernand eastern-most Alps. In the latter area, almost all contemporary populations are restricted to formerly unglaciated areas outside or close to the margin of the Pleistocene ice sheet (Schneeweiss & Schönswetter, 1999) , reflecting the location of Pleistocene refugia. The progenitor/derivative relationship between the Carpathian and the eastern Alpine haplotypes (h28 and h30, respectively), albeit based only on a single nucleotide difference, may indicate that S. retusa ssp. retusa migrated from the Carpathians into the Alps.
Our study provides compelling evidence that S. biflora, S. oppositifolia ssp. blepharophylla, S. oppositifolia ssp. rudolphiana and S. oppositifolia ssp. speciosa merit taxonomic recognition. In contrast with S. biflora and S. retusa s.l., recognition of which at the species level remains undisputed (Webb & Gornall, 1989; Aeschimann et al., 2004; Fischer et al., 2008) , the taxonomic rank of the other taxa is controversial (e.g. Webb & Gornall, 1989 vs. Fischer et al., 2008 . Here, we argue that S. oppositifolia ssp. blepharophylla, S. oppositifolia ssp. rudolphiana and S. oppositifolia ssp. speciosa should be recognized at the species level (as S. blepharophylla Kern. ex Hayek, S. rudolphiana Hornsch. ex W.D.J.Koch and S. speciosa Dörfl. & Hayek) for several reasons: (1) based on nuclear DNA divergence, S. blepharophylla, S. rudolphiana and S. speciosa are similarly differentiated from S. oppositifolia as are S. biflora and S. retusa s.l. (Fig. 2) ; (2) genetic integrity of these species is retained despite widespread hybridization with S. oppositifolia; (3) each species is morphologically and ecologically well characterized (e.g. Grabherr & Mucina, 1993; Table 1 ). No taxonomic changes are necessary for S. biflora (for the reasons outlined in the 'Study species' section, no intraspecific entities need to be recognized) or for S. retusa ssp. retusa and S. retusa ssp. augustana, which, because of their moderate nuclear divergence, are best kept as subspecies.
The most complex taxon of purple saxifrages is S. oppositifolia ssp. oppositifolia, which is also the most widespread member of the genus (Webb & Gornall, 1989) . It is morphologically highly variable with several conspicuous forms described. In Europe, this concerns, for example, S. meridionalis, characterized by large leaves tapering towards their base (Hayek, 1905) . Our samples from the type locality in the Montenegrin Komovi mountain range (population 39-opp), however, exhibit no AFLP divergence from morphologically typical S. oppositifolia ssp. oppositifolia from the Bulgarian Pirin mountains (population 38-opp). Likewise, the western Alpine S. murithiana (populations 41-opp and 42-opp; Hayek, 1905), characterized by glandular sepals, and the morphologically conspicuous Pyrenean S. oppositifolia ssp. paradoxa (Vargas, 2003) , with alternate leaves (populations 60-par and 61-par), are both deeply nested in S. oppositifolia ssp. oppositifolia (Fig. 2) . This strongly suggests that S. meridionalis, S. murithiana and S. oppositifolia ssp. paradoxa should not be taxonomically recognized and should be sunk into S. oppositifolia ssp. oppositifolia. Similar opinions on S. asiatica from central Asia and the arctic intraspecific taxa of S. oppositifolia were expressed on the basis of morphology by Webb & Gornall (1989) and Aiken et al. (2005) , respectively, but corroboration from molecular data is still largely lacking. Even if these taxa were retained, S. oppositifolia ssp. oppositifolia remains a morphologically highly variable, phylogenetically incoherent group (Fig. 2) . In the Arctic, an additional level of complexity is introduced by polyploidy, which is involved in local adaptation and growth form (Eidesen et al., 2013) . In order to avoid retaining entities that can only be discriminated by geography, we thus suggest treating the genetic clusters as informal phylogeographical groups (similar to the treatment of Papaver alpinum L. phylogroups; Schönswetter et al., 2009) . In accordance with Hörandl (2006), we do not consider the phylogenetically incoherent state of S. oppositifolia as taxonomically problematic, but rather as an unavoidable result of the diversification processes within Saxifraga section Porphyrion subsection Oppositifoliae.
Overall, the predominantly nuclear AFLP data suggest a taxonomic concept in agreement with morphology. Plastid markers, in contrast, show extensive haplotype sharing as a result of either incomplete lineage sorting or hybridization (Maddison, 1997) . As a consequence, barcoding with plastid markers (Kress & Erickson, 2007) would lead to fundamentally incorrect phylogenetic conclusions (Fazekas et al., 2009) . This is especially true for the strongly divergent haplotype h32 exclusively present in S. retusa from the south-western Alps. To place this haplotype in a broader evolutionary context, a new and well-resolved phylogenetic analysis based on multiple samples of all Alpine saxifrages is needed. Despite frequent co-occurrence and hybridization (Gugerli, 1997) and incomplete reproductive isolation, the integrity of taxa is preserved (Soltis & Soltis, 2009) , suggesting a crucial role of post-pollination barriers and ecological differentiation of species in terms of adaptation to divergent habitats. Further research should aim at unravelling these isolation mechanisms responsible for the maintenance of the integrity of taxa.
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APPENDIX
